1. Introduction {#sec1}
===============

Cancer, a class of diseases recognized by the uncontrolled growth of cells, has gradually become the leading cause of deaths in children and is one of the most dangerous diseases today.^[@ref1]^ Currently, three major approaches (chemotherapy, radiation therapy, and surgery) are being used for cancer treatment. Chemotherapy is mostly used in cancer cases where it has spread (metastasized) throughout the body. The efficacy of chemotherapeutics depends upon their ability to target cancerous cells without damaging healthy cells.^[@ref2]^ In current chemotherapy, a major challenge is to design novel anticancer drugs that show more selectivity for cancer cells and thus have lesser side effects for normal cells. The most important characteristics of new and potent anticancer drugs should be the high efficacy and selectivity.^[@ref3]^

A number of chemotherapeutic agents are now available in the market. Doxorubicin is the most commonly used chemotherapeutic agent, but it has serious problems of cardiotoxicity, liver damage, and myelosuppression.^[@ref4]^ Cisplatin is another important anticancer drug which is highly effective against cervical, ovarian, and lung carcinomas.^[@ref5]^ Its benefits are limited, however, by serious problems, including inherited and acquired resistance, nephrotoxicity, neurotoxicity, emetogenesis, and oral nonbioavailability.^[@ref5]−[@ref7]^

Various efforts have been made to target these chemotherapeutic drugs to cancer cells by making use of antibodies,^[@ref8]^ growth factors,^[@ref9]^ folates,^[@ref10]^ and nanocomposites.^[@ref11]^ The use of pharmaceutical nanocarriers in drug delivery has increased recently.^[@ref11]^

Many heterocyclic compounds are found in nature performing different activities crucial for life.^[@ref12]^ Nitrogen-containing 5-membered heterocyclic moiety is present in various biologically active natural and synthetic molecules.^[@ref13]^ The 1,2,4-triazole molecules show different properties like antimicrobial,^[@ref14]^ anti-inflammatory,^[@ref15]^ antidepressant,^[@ref16]^ antifungal,^[@ref17]^ anticonvulsant,^[@ref18]^ and antitumor properties.^[@ref19]^ Several anticancer drugs (e.g., anastrozole and letrozole) having 1,2,4-triazole scaffold are well known^[@ref20],[@ref21]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Commonly used anticancer drugs based on 1,2,4-triazole moiety.](ao9b01903_0001){#fig1}

CNPs-based nanocarriers are highly significant due to their excellent fluorescence properties, high solubility in water, excellent chemical inertness, ease of functionalization and modification, high stability against photobleaching, low cytotoxicity, and good biocompatibility.^[@ref22]−[@ref25]^ Consequently, they have received much importance for their potential applications in bioimaging, sensing, and drug delivery.^[@ref26]^

Docking procedures are very important in structure-based drug designing because they are important tools to find different poses of ligands within active sites of receptors, binding energies, and types of ligand--receptor interactions.^[@ref27],[@ref28]^ The αvβ6 integrin is a very important protein which is highly upregulated during embryogenesis and in the carcinoma of breast, lungs, skin, breast, and stomach.^[@ref29],[@ref30]^ This integrin plays a crucial role in tissue repair, development, and neoplasia.^[@ref29]^

Selective targeting approach for cancer cells by using carrier vectors such as peptides can address the issues of selectivity.^[@ref31]^ Researchers have made several efforts toward the targeting of anticancer drugs, and peptide-based carriers have become an important component of these targeting approaches.^[@ref32]^ The peptides possess outstanding physical and biological properties for tumor targeting.^[@ref33]^ LC is a naturally occurring multifunctional dipeptide, which is composed of alanine and histidine amino acids. It is an endogenous peptide which exists widely in healthy muscles, blood, heart, kidney, eyes, and brain tissues in several animal species.^[@ref34]^ Recently, LC has been proposed as a potential anticancer therapeutic effective for the inhibition of metastasis and ovarian, gastric, and glioblastoma carcinomas.^[@ref35]−[@ref39]^

The current research work is focused on rational design, synthesis, and anticancer activity assessment of CNPs conjugated with new 1,2,4-triazole derivatives and LC as cancer-targeting peptide for the development of cancer-targeting fluorescent nanoprobes.^[@ref40]^ CNPs are tagged with 1,2,4-triazole derivatives and LC for targeting tumor cells and bioimaging.^[@ref41]^

2. Experimental Section {#sec2}
=======================

2.1. Chemicals and Reagents {#sec2.1}
---------------------------

Glucose (cat no. G8270), ethanol absolute (\>99.5%, cat no. 459844), magnesium sulfate anhydrous (\>97%, cat no. 208094), EDC cross-linker (cat no. 7750), and FBS (cat. no. 10437-028) were purchased from Invitrogen. Dialysis membrane (MWCO 3500) was obtained from Thermo Scientific. Two pediatric glioblastoma multiforme (GBM) tumor cell lines (SJGBM2 and CHLA-200) were obtained from Children's Oncology Group (COG, Lubbock, TX). Cells were cultured in RPMI-1640 (Thermo Fisher Scientific), which was supplemented with 10% heat-inactivated FBS and 1% penicillin--streptomycin. Cell cultures were maintained at 37 °C in a incubator with 5% CO~2~. Rhodamine 6G mitochondria-specific dye was purchased from Thermo Fisher Scientific. Cell proliferation assay (MTS assay) was performed with CellTiter 96 AQueous One Solution (Promega).

A brief account of the purification procedure of solvents is as follows: (1) Ethanol was refluxed over activated calcium oxide for 6 h followed by distillation and then stored over 4 Å molecular sieves. (2) Methanol was purified by fractional distillation. (3) Chloroform was dried over anhydrous calcium chloride for 24 h followed by distillation and then stored over 4 Å molecular sieves. TLC plates were observed under ultraviolet light (λ~max~ = 254 and 365 nm). *N*-Hexane/ethyl acetate (2:6) solvent system was used for the development of chromatogram.

The CNPs were fabricated using a bottom-up approach (UC-D10 Ultrasonic Bath, BMS, frequency: 35 kHz). The conjugates were characterized by UV--vis spectroscopy (Agilent Technologies Spectrophotometer, Carry Series UV--Vis Spectrophotometer), fluorescence spectroscopy (Horiba Jobin Yvon Fluorolog-3), Fourier transform infrared spectroscopy (PerkinElmer, Spectrum100), scanning electron microscopy (JEOL-Japan, JSM 6490: acceleration voltage, 20 kV), transmission electron microscopy (JEOL, Japan), and atomic force microscopy (Agilent Technologies, 5420 AFM). The samples for UV--vis spectroscopy and fluorescence spectroscopy were prepared in deionized water (20 μg/mL). ^1^H and ^13^C NMR spectra were recorded on a Bruker Avance 400 MHz NMR spectrometer using DMSO-*d*~6~ and CDCl~3~ solvents. Mass spectra were recorded using a Bruker TOF mass spectrometer.

2.2. Molecular Dynamic Simulation {#sec2.2}
---------------------------------

The crystal structure of the integrin αvβ6 (PDB code: 4UM9, resolution: 2.50 Å)^[@ref42]^ was downloaded from PDB Databank, and globular head of the integrin was used for docking studies. According to the X-ray structure, the bivalent metal cation at MIDAS (MIDAS: metal-ion-dependent adhesion site) was modeled as Mg^2+^ ion and all other metal bivalent cations were modeled as Ca^2+^ ions. Water and small ligand molecules were removed from the receptor structure using Sequence Editor of Discovery Studio 2017 R2 Client software. The final optimized shape of integrin αvβ6 is given in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf).

The interactions of three 1,2,4-triazole derivatives and their conjugates with αvβ6 integrin have been investigated by isolating the receptor active site in αvβ6 integrin. A rigid receptor-flexible ligand docking model was used to carry out docking procedures. Insights from the characteristics of active binding site of αvβ6 integrin and analysis of different docking poses of ligands provided the basis for identifying best ligands with high selectivity for αvβ6 integrin.^[@ref43]^ The best ligands were identified on the basis of low binding energy values. The MOE software was used to minimize energy of ligand molecules, and final structures were saved in the "moe" file format.^[@ref44],[@ref45]^ The energy minimization of ligand in gas phase was achieved using MOE with MMFF94x force-field parameter, and London dG was the default scoring method.

2.3. Synthesis of 4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT) (**1**) {#sec2.3}
------------------------------------------------------------------------------

4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT, **1**) was synthesized through a simple reaction of thiocarbohydrazide with hydrazine hydrate.^[@ref46]^ The thiocarbohydrazide (5 mmol) mixed with 69% hydrazine hydrate (100 mmol) was refluxed for 4 h. The solution was cooled, filtered, and acidified with dil. HCl (pH 6--7). The precipitated product was washed with water and ethanol and recrystallized from boiling water (long lustrous needles, mp 230--232 °C (lit. mp 228 °C)).^[@ref47]^

2.4. Synthesis of Derivatives (**2a**--**c**) of 4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT, **1**) {#sec2.4}
------------------------------------------------------------------------------------------------------------

The derivatives (**2a**--**c**) of AHMT (**1**) were synthesized by the condensation reaction of AHMT (**1**) with corresponding aldehyde according to a reported method.^[@ref48]^ AHMT (10 mmol) was mixed with corresponding aldehyde (10 mmol) in dry ethanol (50 mL) and a few drops of conc. H~2~SO~4~ were added to the above solution. The reaction mixture was refluxed at 110 °C for 4 h. The crude product was separated, washed, and recrystallized from ethanol to give the final product in excellent yield.^[@ref48]^

2.5. Synthesis of CNPs (**3**) {#sec2.5}
------------------------------

CNPs were synthesized by our previously reported method.^[@ref41]^ One molar aqueous solution of glucose (50 mL) was mixed with conc. H~2~SO~4~ (40 mL, 98%) and *ortho*-phosphoric acid (10 mL, 98%). The glucose solution was treated ultrasonically for 4 h at 40 °C. The resulting brown solution was kept in an oven at 80 °C for 6 h. Finally, CNPs were purified by centrifugation at 6000 rpm and further dialyzed with 3500 MWCO dialysis membrane for 5 days in deionized water. The final product in powder form was obtained from the dialyzed solution using rotavapor.

2.6. Synthesis of Conjugates (**4a--c**) of CNPs with 1,2,4-Triazole Derivatives (**2a**--**c**) and LC {#sec2.6}
-------------------------------------------------------------------------------------------------------

1,2,4-Triazole derivatives (**2a**--**c**) and LC peptide were conjugated with CNPs via standard EDC chemistry^[@ref41],[@ref49]^ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). CNPs were functionalized through amide bond between carboxylic groups of CNPs and amino groups of 1,2,4-triazole derivatives and LC in a single-step reaction.^[@ref50]^ In a typical reaction, 25 mL of aqueous dispersion (1 mg/mL) of CNPs was prepared by sonication for 30 min. Then, 30.00 mg of EDC cross-linker was mixed to activate the CNPs. The whole mixture was vigorously stirred for 30 min. Then, 10.0 mM of the corresponding 1,2,4-triazole derivative in THF and 10.0 mM of LC in water were added to the above activated suspension of CNPs and stirred for 4 h. Excess ethanol was added to the above mixture and kept at 4 °C for overnight. The double conjugates were separated from unreacted CNPs by size exclusion chromatography. The resulting solution containing LC-CNP-1,2,4-triazole conjugates was purified by dialysis (3500 MWCO) for 48 h in deionized water to remove unreacted LC and 1,2,4-triazole derivatives. The final products (**4a**--**c**) were obtained by quick freeze/drying (lyophilization) of the above suspension.

![Synthesis of Conjugates of CNPs with 1,2,4-Triazole Derivatives and LC](ao9b01903_0010){#sch1}

2.7. Biological Studies {#sec2.7}
-----------------------

Two pediatric glioblastoma multiforme (GBM) cell lines (CHLA-200 and SJGBM2 cell lines) were selected for in vitro efficacy and cytotoxic effects. Bioactivity of LC-CNP-1,2,4-triazole conjugates was assessed by cell viability/proliferation (MTS) assay. Microscopy of CHLA-200 cells treated with conjugates was performed using a fluorescence microscope (EVOS Floid Cell Imaging Machine, Life Technologies) at 40× magnification.

### 2.7.1. Cell Lines and Cell Cultures {#sec2.7.1}

Glioblastoma multiforme cell lines (CHLA-200 and SJGBM2) were cultured in RPMI-1640 media with 10% fetal bovine serum (FBS). For MTS assay, CHLA-200 and SJGBM2 cells (second passage) were trypsinized and resuspended in 96-well plates containing corresponding media at a density of 2 × 10^5^ cells/mL.

### 2.7.2. Cell Viability/Proliferation Assay (MTS Assay) {#sec2.7.2}

After 24 h of seeding, the cells were exposed to 5, 10, 25, and 50 μg/mL concentration of each of the 1,2,4-triazole derivative (**2a**--**c**) and corresponding conjugate (**4a**--**c**) by adding 100 μL of each concentration in the corresponding well for 72 h. Following treatment for 72 h, cell culture media was removed and a solution of MTS reagent and cell culture media (100 μL, a 1:5 solution of MTS reagent and cell culture media) was added to each well and incubated for 1--4 h. The percent of viable cells was determined by measuring optical density at 490 nm using BoiTek Synergy HT plate reader at each 30 min interval until color of media changed from yellow to purple. To compare the efficacy of title conjugates, cells were also treated with control anticancer drug TM, which is used as first-line treatment for glioblastoma multiforme. The experiments were performed in triplicate, and the viability of cells treated with different conjugates was determined as percent viability compared to nontreated controls.^[@ref51]^

### 2.7.3. Fluorescence Microscopy of Cell Cultures {#sec2.7.3}

CHAL-200 cells were exposed to 10, 25, and 50 μg/mL of each of the 1,2,4-triazole derivatives (**2a**--**c**) and LC-CNP-1,2,4-triazole conjugates (**4a**--**c**) and examined under a fluorescence microscope (EVOS Floid Cell Imaging Machine, Life Technologies) at 40× magnification.^[@ref52]^ The cells were seeded on 15 mm coverslips placed in each well of a 24-well plate with RPMI-1640 medium. After 24 h, the cells were treated with various concentrations of 1,2,4-triazole derivatives and their conjugates. Next day, the media was removed gently and the cells were washed with PBS. To fix cells, they were incubated with 4% paraformaldehyde for 20 min. After washing again with PBS, the coverslips treated with conjugates were transferred to glass slides having mounding media without DAPI.

The cells treated with 1,2,4-triazole derivatives were stained with rhodamine 6G dye after fixation with 4% paraformaldehyde following the same procedure mentioned above for conjugates. The samples were prepared for rhodamine 6G staining, as reported by Johnson et al.^[@ref53]^ The cells were seeded on 15 mm coverslips placed in a 24-well plate then treated with various concentrations of 1,2,4-triazole derivatives for 24 h. Next day, the cells were stained with rhodamine 6G. Rhodamine 6G (commercial name rhodamine 6GO, Chroma-Gesellschaft, Stuttgart-Unterurkheim) was constituted in deionized water (1 mg/mL stock solution) and stored at 4 °C. The stock solution was diluted in Eagle's solution (123 mM NaCl, 5.4 mM KCl, 1.4 mM CaCl~2~, 0.8 mM MgSO~4~, 1.0 mM NaH~2~PO~4~, 13.1 mM NaHCO~3~, and 5.6 mM glucose, pH 7.3) to 0.5 μg/mL (1.04 μM), then the cells were added, which were incubated at 20 °C for 20 min. These stained cells were rinsed twice with dye-free Eagle's solution to remove nonspecific fluorescence. The coverslips with the stained cells were then mounted on the glass slides having mounting media.^[@ref54]^ The stained cells were examined by fluorescence microscopy. When the rhodamine dye 6G was excited by blue light (λ~max~ = 490 nm), it emitted yellow fluorescence. When excited by green light (λ~max~ = 545 nm), rhodamine 6G emitted red fluorescence.

3. Results and Discussion {#sec3}
=========================

3.1. Molecular Docking Studies {#sec3.1}
------------------------------

The docking study was performed between ligand molecules and αvβ6 integrin protein. 1,2,4-Triazole-based anticancer drugs showed docking score comparable to that of TM anticancer drug, and the conjugates showed significantly better docking score than 1,2,4-triazole derivatives. The docking score and ligand--receptor interactions are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--d and [S2a--d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf). In conjugates, 1,2,4-triazole and CNPs part fits in the active site of αvβ6 integrin and LC stays at the periphery of the active binding site showing its ability as target-specific drug carrier, as displayed by [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c.

![Docking presentation of (a, b) 4BO2MOBAHMT derivative and (c, d) LC-CNP-4BO2MOBAHMT conjugate in the active binding site of αvβ6 integrin.](ao9b01903_0002){#fig2}

###### Docking Score of 1,2,4-Triazole Derivatives (**2a**--**c**) and Their Conjugates (**4a**--**c**) as a Result of Interactions with αvβ6 Integrin

  entry    abbreviation (Schiff base)   docking score   entry    abbreviation (conjugate)   docking score
  -------- ---------------------------- --------------- -------- -------------------------- ---------------
  **2a**   4FBHAMT                      --12.50         **4a**   LC-CNP-4FBHAMT             --19.50
  **2b**   TMOBAHMT                     --12.49         **4b**   LC-CNP-TMOBAHMT            --18.06
  **2c**   4BO2MOBAHMT                  --12.98         **4c**   LC-CNP-4BO2MOBAHMT         --19.74
           TM                           --11.64                                              
           CNPs                         --10.34                                              
           LC                           --10.6                                               

3.2. Synthesis of 4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT) (**1**) {#sec3.2}
------------------------------------------------------------------------------

Long needles; yield: 42.8%; mp 230--232 °C. **IR** (**ATR**, ***v*****cm**^**--1**^): 3261.41, 3194.86 (NH~2~), 3014.69 (N--H), 2917.02 (N--H), 1637.16 (NH~2~), 1589.46 (C=N), 1152.94 (C--N), 949.32 (C=S). ^**1**^**H NMR (400 MHz**, **DMSO-*****d*****~6~**, **δ ppm)**: 12.52 (s, 1H) (NH)~ring~, 7.13 (s, 1H) (NH)~NHNH2~, 5.26 (s, 2H) (NH~2~)~NHNH2~, 4.09 (s, 2H) (N--NH~2~). ^**13**^**C NMR (400 MHz**, **DMSO*****-d*****~6~**, **δ ppm)**: 164.42 (N=C--NH--NH~2~), 154.67 (C=S). **MS-EI**: **(*m*/*z***, **relative intensity**, **%)**: **Calculated \[M\]**^**+**^: 146.00, **Found \[M\]**^**+**^: 146.07 (25%). **C**~**2**~**H**~**6**~**N**~**6**~**S**: **Found**: C, 16.33%; H, 4.10%; N, 56.9%. **Calculated**: C, 16.44%; H, 4.15%; N, 57.53%.

3.3. Synthesis of Derivatives (**2a**--**c**) of 4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT) (**1**) {#sec3.3}
-------------------------------------------------------------------------------------------------------------

### 3.3.1. 4-(4-Fluorobenzylidenamino)-3-hydrazino-5-mercapto-1,2,4-triazole (4FBAHMT) (**2a**) {#sec3.3.1}

Yellow crystals; yield: 74.8%; mp 263--264 °C. **IR** (**ATR**, ***v*****cm**^**--1**^): 3299.86, 3262.39 (NH~2~), 3143.37, 3105.90 (N--H), 3024.36 (Ar--H), 2966.93 (N=C--H), 1602.30 (C=N)triazole, 1483.72 (C=N)imine, 1333.15 (C--N), 919.53 (C=S), 832.11 (C--F). ^**1**^**H NMR (400 MHz**, **DMSO-*****d*****~6~**, **δ ppm)**: 12.94 (s, 1H, NH)endocyclic, 10.66 (s, 1H, N=CH)imine, 8.30 (s, 1H, NH)hydrazine, 7.72--7.61 (m, 2H, Ph), 7.29--7.19 (m, 2H, Ph), 5.50 (s, 2H, NH~2~)hydrazine.^**13**^**C NMR (400 MHz**, **DMSO-*****d*****~6~**, **δ ppm)**: 164.45 (C=S), 161.35 (N=CH), (149.60) (C=N), (131.33, 128.46, 128.37, 115.65) (Ar--C). **MS-EI**: **(*m*/*z***, **relative intensity**, **%)**: **Calculated \[M\]**^**+**^: 252, **Found \[M\]**^**+**^: 252.06 (20%). **C**~**9**~**H**~**9**~**N**~**6**~**FS**: **Calculated**: C, 42.85; H, 3.57; N, 33.33; S, 12.70. **Found**: C, 42.80; H, 3.53; N, 33.32; S, 12.70.

### 3.3.2. 4-(3,4,5-Trimethoxybenzylidenamino)-3-hydrazino-5-mercapto-1,2,4-triazole (TMOBAHMT) (**2b**) {#sec3.3.2}

Yellow crystals; yield: 72.52%; mp 242--244 °C. **IR** (**ATR**, ***v* cm**^***--*****1**^): 3262.39, 3212.43 (NH~2~), 3093.41 (NH), 2949.42 (Ar--H), 1627.72 (C=N)triazole, 1590.28 (C=N)imine, 1270.70 (C--N), 1019.45 (C=S). ^**1**^**H NMR (400 MHz**, **DMSO-*****d*****~6~**, **δ ppm)**: 13.17 (s, 1H, NH)endocyclic, 10.13 (s, 1H, N=CH)imine, 8.56 (s, 1H, NH)hydrazine, 7.67 (s, 2H, Ph), 5.45 (s, 2H, NH~2~)hydrazine, 3.81 (s, 6H, Ph-CH~3~), 3.72 (s, 3H, Ph-CH~3~). ^**13**^**C NMR**: **(400 MHz**, **DMSO-*****d*****~6~**, **δ ppm)**: 164.67 (C=S), 154.95 (N=CH)imine, 153.05 (N=C)ring, (151.82, 143.64, 140.87, 111.92) (Ph), 57.07 (CH~3~), 56.71 (CH~3~). **MS-EI**: **(*m*/*z***, **relative intensity**, **%)**: **Calculated \[M\]**^**+**^: 325, **Found \[M\]**^**+**^: 325.09 (100%). **C**~**12**~**H**~**16**~**N**~**6**~**O**~**3**~**S**: **Calculated**: C, 44.44; H, 4.94; N, 25.80; S, 9.88. **Found**: C, 44.40; H, 4.93; N, 25.79; S, 9.86.

### 3.3.3. 4-(4-Benzyloxy-2-methyloxybenzylidineamino)-3-hydrazino-5-mercapto-1,2,4-triazole (4BO2MOBAHMT) (**2c**) {#sec3.3.3}

White crystalline material; yield: 75.52%; mp162--165 °C. **IR** (**ATR**, ***v* cm**^**--1**^): 3377.13, 3147.75 (NH~2~), 3022.18 (NH), 2942.62 (Ar--H), 1644.62 (C=N)triazole, 1606.75 (C=N)imine, 1502.94 (C--N), 1138.67 (C--O), 1029.09 (C=S). ^**1**^**H NMR (400 MHz**, **DMSO-*****d*****~6~**, **δ ppm)**: 13.26 (s, 1H, NH)endocyclic, 9.87 (s, 1H, N=CH)imine, 8.25 (s, 1H, NH)hydrazine, 7.65 (d, *J* = 1.9 Hz, 1H, Ph), 7.46 (ddt, *J* = 4.8 Hz, 2H, Ph), 7.41--7.39 (m, 2H, Ph), 7.37--7.34 (m, 1H, Ph), 7.21 (d, *J* = 8.4 Hz, 1H, Ph), 7.08 (d, *J* = 2.3 Hz, 1H, Ph), 5.21 (s, 2H, NH~2~)hydrazine, 3.87 (s, 2H, Ar-O-CH~2~-Ph), 3.17 (s, 3H, OCH~3~). ^**13**^**C NMR**: **(400 MHz**, **DMSO-*****d*****~6~**, **δ ppm)**: 162.87 (C=S), 159.87 (N=CH)imine, 152.08 (N=C)endocyclic, (149.83, 145.45, 136.99, 128.95, 125.61, 124.80, 121.36, 113.42, 110.57, 108.49) (Ph), 70.37 (CH~2~), 56.22 (OCH~3~). **MS-EI**: **(*m*/*z***, **relative intensity**, **%)**: **Calculated \[M\]**^**+**^: 370, **Found \[M\]**^**+**^: 370.54 (100%). **C**~**17**~**H**~**17**~**N**~**6**~**O**~**2**~**S**: **Calculated**: C, 55.28; H, 4.61; N, 22.76; S, 8.67. **Found**: C, 55.26; H, 4.60; N, 22.74; S, 8.65.

3.4. Characterization of CNPs and LC-CNP-1,2,4-Triazole Conjugates (**4a**--**c**) {#sec3.4}
----------------------------------------------------------------------------------

### 3.4.1. CNPs (**3**) {#sec3.4.1}

CNPs fabricated by this approach are highly fluorescent, economical, and have good water solubility and biocompatibility. Acidic conditions impart OH and COOH polar groups to render them highly dispersible in water. CNPs exhibited excellent hydrophilicity due to the presence of OH^--^ and COO^--^ groups. They form a transparent solution under daylight and give excellent blue photoluminescence (PL) when excited under a UV lamp (λ~max~ = 365 nm). The physicochemical properties of CNPs are depicted in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf).

The UV/Vis spectra of CNPs showed a strong absorption peak between 255 and 260 nm. The absorption peaks at 260 and 325 nm are due to Π--Π\* and n−Π\* transitions of extended conjugation of inner core and peripheral −OH functional groups, respectively, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. CNPs displayed strong photoluminescence extended from 300 to 650 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) with maximum emission at 450 nm.

![Spectroscopic and microscopic characterization of CNPs: (a) UV/vis spectra, (b) PL spectra (the inset shows the normalized spectra), (c) TEM image, (d) AFM image (the inset shows the height profile of AFM image).](ao9b01903_0003){#fig3}

To further explore the fluorescence properties of CNPs, PL spectra were recorded at different excitation wavelengths. The PL emission spectra were obtained with longer wavelengths from 300 to 650 nm. The PL spectra shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b were recorded at different excitation wavelengths (250, 300, 350, 400, 450, 500, 550, and 600 nm), and the corresponding emission spectra were observed at longer wavelengths (300, 350, 450, 500,550, 600, and 650 nm).

The morphological characterization of CNPs was carried out using a scanning electron microscope. The results revealed that CNPs are spherical and uniform in size distribution, as shown in [Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf).

Energy-dispersive X-ray spectroscopy (EDS) results demonstrated that carbon (42%) and oxygen (58%) are the major constituents of CNPs due to inner carbon core and peripheral hydroxyl and carboxylic groups, respectively ([Figure S4a and Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf)). The TEM and AFM microscopy results showed that the size of CNPs is 2--3 nm. The results of TEM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) were supported by AFM image and the extracted height profile ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d).

### 3.4.2. Fluorescent 1,2,4-Triazole--Peptide Conjugates (**4a--c**) {#sec3.4.2}

Double conjugates of CNPs with 1,2,4-triazole derivatives and LC dipeptide were obtained in excellent yield. The physicochemical properties of the LC-CNP-4FBAHMT conjugate are depicted in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf).

#### 3.4.2.1. LC-CNP-4FBAHMT Conjugate (**4a**) {#sec3.4.2.1}

The UV/vis spectra of LC, 4FBAHMT derivative (**2a**), and 4FBAHMT conjugate (**4a**) are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The LC molecule is UV/vis-inactive, and the 4FBAHMT derivative showed two absorption peaks around 260 and 325 nm due to Π--Π\* and n−Π\* transitions, respectively. The 4FBAHMT conjugate showed a red shift due to the extended conjugation resulting from amide bond between carboxylic groups of CNPs and amino groups of 1,2,4-triazole derivative and LC. In this conjugate, two peaks are observed at 270 and 340 nm due to this red shift. The absorption peaks of CNPs at 260 and 325 nm resulting from Π--Π\* and n−Π\* transitions are shifted to longer wavelengths in the conjugate. The LC-CNP-4FBAHMT conjugate maintained absorbance properties after functionalization and conjugation process.

![Spectroscopic and microscopic characterization of LC-CNP-4FBAHMT conjugate: (a) UV--vis spectra, (b) PL spectra (the inset shows the normalized spectra), (c) FT-IR spectra, (d) TEM image of conjugate, and (e) AFM image of conjugate (the inset shows the extracted height profile of AFM image).](ao9b01903_0004){#fig4}

The 4FBAHMT conjugate showed strong photoluminescence ranging from 300 to 650 nm with maximum emission at 500 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The functional group modifications and attachment of LC and 1,2,4-triazole molecules do not change the PL properties of CNPs.

PL spectra of 4FBAHMT conjugate showed excellent emission from 300 to 650 nm when excited at different wavelengths (250--600 nm).

The PL spectra shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b were recorded at different excitation wavelengths (250, 300, 350, 400, 450, 500, 550, and 600 nm). The PL emission spectra were observed at progressively longer wavelengths (300, 350, 400, 450, 500, 550, 600, and 650 nm).

The comparison of the FTIR spectra of CNPs, LC, 4FBAHMT derivative, and LC-CNP-4FBAHMT conjugate is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. The absorption bands at 1700 and 1620 cm^--1^ can be attributed to C=O and C=C stretching vibrational modes, respectively. Very small bands around 2150 and 3000 cm^--1^ are characteristic peaks of C=C and C--H stretching. The bands in the range 1300--1000 cm^--1^ are due to C--OH stretching and O--H bending vibrations. A very broad and high intensity peak around 3400 cm^--1^ is a feature peak of O--H stretching. Low-intensity vibrations around 570 cm^--1^ are characteristic peaks of CNPs.

The vibrational stretching bands between 3300 and 3010 cm^--1^ are characteristic for NH~2~ and NH groups of LC and 4FBAHMT derivative. Strong vibrational bands around 1645 (C=O str.), 1610 (N--H bend), 1400 (C--N stretch), and 1200 cm^--1^ (C--O stretch) suggest the presence of LC. The presence of two stretching bands around 1620 (N=CH)triazole ring and 1580 cm^--1^ (N=CH)imine is characteristics of 4FBAHMT derivative.

The FTIR spectra of the LC-CNP-4FBAHMT conjugate ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) displayed the resemblance of some feature bands with CNPs, LC, and 4FBAHMT derivative. The appearance of a broad peak between 3260 and 3250 cm^--1^ and shifting of carboxylic group peak to lower wavelength (∼1680 cm^--1^) confirmed the formation of amide bond in LC-CNP-4FBAHMT conjugate. This broad band is due to the presence of OH and NH~2~ groups of CNPs and LC, respectively. The presence of −OH and N--H bands and the relatively low value of C=O stretching band suggest the formation of an amide bond in the LC-CNP-4FBAHMT conjugate.

SEM results showed that LC-CNP-4FBAHMT conjugates are also spherical and monodispersed, as shown in [Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf). The conjugates are larger than CNPs. The EDS profile of the LC-CNP-4FBAHMT conjugates showed the presence of sulfur coming from 1,2,4-triazole derivative ([Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf)). The TEM and AFM results showed that the average size of the LC-CNP-4FBAHMT conjugates is 8--10 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d,e). TEM image was supported by AFM image and the extracted height profile ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e).

The LC-CNP-TMOBAHMT and LC-CNP-4BO2MOBAHMT conjugates displayed similar features, and their characterization is discussed in supplementary data ([Figures S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf)).

3.5. Kinetic Studies (in Vitro Drug Loading and pH-Triggered Drug Release) {#sec3.5}
--------------------------------------------------------------------------

Drug loading and pH-triggered drug release of 4FBAHMT derivative from LC-CNP-1,2,4-triazole conjugate were performed using UV/vis spectroscopy, taking advantage of the absorption properties of 4FBAHMT derivative and CNPs. The LC-CNP-4FBAHMT conjugate displayed a feature peak at 340 nm, which corresponds to 320 nm of free 4FBAHMT derivative. The results showed that 4FBAHMT derivative was loaded onto the CNPs. The amount of loaded 4FBAHMT derivative was estimated using a calibration curve ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf)). The amount of 4FBAHMT derivative loaded on the conjugate was 300 μg/mg of LC-CNP-4FBAHMT conjugate.

LC-CNP-4FBAHMT conjugates were dialyzed in acetate buffer (pH 5.0) and phosphate-buffered saline (PBS, pH 7.4) for 100 h for drug release studies. The results indicated that there is a continuous release of drug with time at both pH values. However, at physiological pH (7.4), the drug release is very slow and only 20% free drug is detected after 80 h. On the other hand, under acidic conditions (pH 5.0), the release significantly increases with time (60% after 80 h; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Kinetics of 4FBAHMT derivative release from LC-CNP-4BAHMT conjugate at different pH values.](ao9b01903_0005){#fig5}

3.6. Biological Studies {#sec3.6}
-----------------------

### 3.6.1. Cell Viability/Proliferation/MTS Assay {#sec3.6.1}

Cell viability/proliferation/MTS assay results are presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--f. Our in vitro results revealed that CNPs are highly biocompatible and LC-CNP-1,2,4-triazole conjugates (**4a**--**c**) have significantly high cytotoxicity against both cell lines with varying drug concentration.

![Cell viability/proliferation/MTS assay of (a, d) 4FBAHMT conjugate, (b, e) TMOBAHMT conjugate, (c, f) 4BO2MOBAHMT conjugate against CHLA-200 and SJGBM2 cell lines. The cells were exposed to different concentrations (5, 10, 25, and 50 μg/mL) of CNPs, TM, LC, 1,2,4-triazole derivatives, and LC-CNP-1,2,4-triazole conjugates.](ao9b01903_0006){#fig6}

The viability assay also indicated that LC-CNP-1,2,4-triazole conjugates (**4a**--**c**) have significantly higher efficacies in terms of selectivity and cytotoxic effects than 1,2,4-triazole derivatives (**2a**--**c**), and TM against both cell lines and maximum cytotoxicity is observed at 50 μg/mL. The three 1,2,4-triazole derivatives, i.e., 4FBAHMT, TMOBAHMT, and 4BO2MOBAHMT, and their conjugates showed better cytotoxicity against CHLA-200 cells than SJGBM2 cell line. All of the conjugates demonstrated more than 50% cytotoxicity against both cell lines at 50 μg/mL, whereas CNPs and LC are nontoxic to both cell lines up to 50 μg/mL. Among three conjugates, the LC-CNP-4BO2MOBAHMT conjugate showed better cytotoxicity against both cell lines.

The title compounds were nontoxic to embryonic kidney cell line (HEK293 as a control). Furthermore, the cell viability/proliferation assay results also indicated that these drug conjugates are more effective than control anticancer drug TM (one of the anticancer drugs used for brain tumor). Thus, fluorescent nanoconjugates based on 1,2,4-triazole derivatives are potent and more selective toward two pediatric brain tumor cell lines (CHLA-200 and SJGBM2) compared to nontreated controls and can prove to be future drug candidates for targeting brain tumor.

### 3.6.2. Fluorescence Imaging of CHLA-200 Cells Treated with Conjugates {#sec3.6.2}

CHLA-200 cells treated with various concentrations (10, 25, 50 μg/mL) of fluorescent conjugates were observed directly under a fluorescence microscope. The cells treated with 1,2,4-triazole derivatives were stained with rhodamine 6G dye (mitochondrial stain) before visualization.

The microscopic examination results of CHLA-200 cells treated with various concentrations of 1,2,4-triazole derivatives (**2a**--**c**) and their conjugates (**4a**--**c**) are presented in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}--[9](#fig9){ref-type="fig"}. Microscopic images of CHLA-200 cells showed that conjugates have pronounced cytotoxic effects as the viability of drug-treated cells decreases significantly compared to that of nontreated controls with increasing drug concentration. Furthermore, cytotoxic effects of conjugates on CHLA-200 cell cultures were more promising than cytotoxic effects of 1,2,4-triazole derivative ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}--[9](#fig9){ref-type="fig"}b) within the concentration range of 10--50 μg/mL. These results are consistent with MTS assay results.

![Microscopic images of CHLA-200 cells treated with various concentrations (10, 25, 50 μg/mL) of (a) LC-CNP-4FBAHMT conjugate and (b) 4FBAHMT derivative. Cells treated with 1,2,4-triazole derivative were stained with rhodamine 6G dye.](ao9b01903_0007){#fig7}

![Microscopic images of CHLA-200 cells treated with various concentrations (10, 25, 50 μg/mL) of (a) LC-CNP-TMOBAHMT conjugate and (b) TMOBAHMT derivative. Cells treated with 1,2,4-triazole derivative were stained with rhodamine 6G dye.](ao9b01903_0008){#fig8}

![Microscopic images of CHLA-200 cells treated with various concentrations (10, 25, 50 μg/mL) of (a) LC-CNP-4BO2MOBAHMT conjugate and (b) 4BO2MOBAHMT derivative. Cells treated with 1,2,4-triazole derivative were stained with rhodamine 6G dye.](ao9b01903_0009){#fig9}

4. Conclusions {#sec4}
==============

CNPs fabricated by bottom-up approach are highly fluorescent, with good water solubility and biocompatibility. This method is very simple, economical, and produces CNPs on a large scale with tunable surface functionalities and high quantum yield. CNPs can be functionalized easily for advanced drug-delivery system. Three new 1,2,4-triazole derivatives (**2a**--**c**) were synthesized after screening through molecular docking procedures with αvβ6 integrin protein using Molecular Operating Environment (MOE) docking software. 1,2,4-Triazole derivatives (**2a**--**c**) showed docking scores comparable to anticancer drug TM, whereas the LC-CNP-1,2,4-triazole conjugates (**4a**--**c**) displayed significantly high docking scores for αvβ6 integrin protein. The double conjugates of CNPs were synthesized with 1,2,4-triazole derivatives and LC dipeptide through amide bond using EDC coupling chemistry. CNPs and their conjugates exhibited excellent fluorescence properties. Electron microscopic examination showed that CNPs are spherical and quantum-sized (2--3 nm) and their conjugates are nanodrug systems having size around 8 nm. Fluorescent LC-CNP-1,2,4-triazole conjugates (**4a**--**c**) showed potent and selective anticancer activity against two pediatric brain tumor cell lines (CHLA-200 & SJGBM2) compared to control drug TM. These conjugates were more cytotoxic than the corresponding 1,2,4-triazole derivatives against both cell lines. The title conjugates were nontoxic for normal embryonic kidney cell line (HEK 293 cell line). CNPs were highly biocompatible for both types of cell lines. The experimental results of MTS bioactivity assay were in close agreement with the theoretical results. This research work offered a lead to the design of novel anticancer therapeutics. However, further studies are needed to explore their binding mechanism with αvβ6 integrin and effects of this binding on biological activities. In vivo biological activity, biophysical assays, and mechanistic studies are the future prospective of this research work. These CNPs-based nanomaterials along with the potential anticancer activity of 1,2,4-triazole derivatives and tailored targeting ability of LC can prove to be excellent alternatives for conventional drug-delivery models in vivo.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b01903](https://pubs.acs.org/doi/10.1021/acsomega.9b01903?goto=supporting-info). Optimized crystal structure of αvβ6 integrin (Figure S1); docking presentation of **4a** and **4b** conjugates in the active binding site of αvβ6 integrin (Figure S2); physiochemical properties of CNPs and **4a** conjugate (Table S1); electron microscopy of CNPs and **4a** conjugate (Figures S3, S4 and Table S2); characterization of **4a** and **4b** conjugates (Figures S5 and S6); and calibration curve used for the determination of drug loading (Figure S7) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01903/suppl_file/ao9b01903_si_001.pdf))
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AHMT

:   4-amino-3-hydrazino-5-mercapto-1,2,4-triazole

4BO2MOBAHMT

:   4-(4-benzyloxy-2-methyloxbenzylidenamino)-3-hydrazino-5-mercapto-1,2,4-triazole

CNPs

:   carbon nanoparticles

DAPI

:   4′,6-diamidino-2-phenylindole

EDC

:   1-ethyl-3-\[3-dimethylaminopropyl\]carbodiimide HCl

EDS

:   energy-dispersive X-ray spectroscopy

4FBAHMT

:   4-(4-fluorobenzylidenamino)-3-hydrazino-5-mercapto-1,2,4-triazole

FBS

:   fetal bovine serum

L-Car, LC

:   [l]{.smallcaps}-carnosine

LC-CNP-4BO2MOBAHMT

:   [l]{.smallcaps}-carnosine-carbon nanoparticles-4-(4-benzyloxy-2-methyloxybenzylidenamino)-3-hydrazino-5-mercapto-1,2,4-triazole conjugate

LC-CNP-4FBAHMT

:   [l]{.smallcaps}-carnosine-carbon nanoparticles-4-(4-fluorobenzylidenamino)-3-aminomethyl-5-mercapto-1,2,4-triazole conjugate

LC-CNP-TMOBAHMT

:   [l]{.smallcaps}-carnosine-carbon nanoparticles-4-(3,4,5-trimethoxybenzylidenamino)-3-hydrazino-5-mercapto-1,2,4-triazole conjugate

MTS

:   3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2*H*-tetrazolium, inner salt

PL

:   photoluminescence

RPMI-1640

:   Roswell Park Memorial medium

TMOBAHMT

:   4-(3,4,5-trimethoxybenzylidenamino)-3-hydrazino-5-mercapto-1,2,4-triazole
